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Introduction
Cold drawn pearlitic wires are mainly employed by the cable industry for applications such as tire reinforcement, suspension cables, springs, etc. Cold drawing is applied to increase the mechanical strength of the wires [1] . Some high-strength cold drawn wires are twisted into cables and bunches. As a result, not only must the wire have high tensile strength, it also must have good torsional ductility. Torsional ductility is evaluated by the number of twists to failure for a standardized gauge length [2] . In some applications, the wire has to be galvanized to protect it from the corrosion in the environment [3] . The hot dip galvanizing process is commonly conducted within the bath of about 430-460 °C. It has been known that the temperature arise involved in treatment process plays a prominent role in torsional ductility [4] . Thus, this study attempts to investigate the effect of heat treatment on the microstructure and torsion behavior of drawn pearlitic wires. Samples were heat treated for 12, 60, 120 and 240 seconds in a lead bath of 435 °C and then subjected to torsion and tensile tests. The torsional ductility measured by the number of twists to fracture drops at heating of 12 seconds and recovers after further heating. On the other hand, the ultimate tensile strength (UTS) shows a peak at 12 seconds. These changes in mechanical properties are discussed based on Scanning Electron Microscopy (SEM) observations, Differential Scanning Calorimetry (DSC) measurements and temperature field evolution simulations.
Experimental Procedure
The original material used in this study was 13 mm diameter steel rod. The basic chemical composition is (in wt%): C, 0.85~0.90; Si, 0.12~0.32; Mn, 0.60~0.90. The rods were with fully pearlitic microstructure and then drawn through eight dies to wires of 7 mm in diameter. Microstructure examinations were performed on wires without heat treatment. Standard mounting and polishing procedures were used for preparation of samples for microstructure observations on longitudinal section and cross section of the wire. Samples were nital etched and microstructures were examined by SEM.
Samples of drawn wires were heat treated for 12, 60, 120 and 240 seconds in a lead bath of 435 °C and then subjected to torsion and tensile tests. Tensile testing was carried out to get wire UTS. Number of twists to failure was obtained in torsion testing on a 700 mm (Φ7mm × 100) gauge length.
For DSC experiment, the sample was made from as drawn wires. It was heated from room temperature (RT) to 700 °C by an ETZSCH DSC 404C instrument. Heat flow into sample was measured as a function of temperature.
After a number of twists, the generatrix of the wire took helix morphology, leaving traces on the wire surface ( Fig. 1 ). The angle between the trace and wire axis (α ) was measured for all fractured specimens. Then, the shear strain γ along the torsion sample after fracture is derived from angleα ,
For specimen with the number of twists N , the applied shear strain a γ was derived from dN l π , where d and l are the specimen diameter and gauge length, respectively. As for torsion fracture surface investigation, samples were cleaned in alcohol using an ultrasonic washing unit. Representative SEM micrographs were taken of samples with different heat treatment conditions.
Numerical Model of Temperature Field Simulation
Under heating environments, transitions occur within the specimens. The energy corresponding to these transitions, which is known as latent heat, affects temperature distribution in the wire. For this case, the latent heat and the corresponding temperature ranges were measured by DSC. The wire has a cylindrical shape and the controlling equation with latent heat under axisymmetric coordinate system is introduced:
where T and t are temperature and time variables, ρ is mass density, k is thermal conductivity, C is specific heat and r is the coordinate referring to the distance measured from wire axis. The first term on the left side of Eq. 1 corresponds to latent heat. i L is the latent heat dismissed by unit volume of material in the i th reaction, and i f is the portion of material that has finished the i th reaction. We make the following assumptions in the numerical modeling: (1) the wire and heating media is in full contact so that the boundary temperature is chosen at the temperature of the heating media:
( ) 
Here Si T and Li T are the starting and ending temperature of the i th reaction, respectively.
For solution through standard finite element method (FEM), Eq. 1 can be expressed as:
Then Eq. 3 is solved using standard finite element codes ANSYS with specific heat submitted by The results of torsion and tensile tests are shown in Fig. 3 . For each heat treatment condition, five specimens were used in torsional and tensile tests, respectively. Namely, each datum point in Fig. 3 is an average from five specimens. It is seen that the ultimate tensile strength peaks at short heat treatment times and then falls as heating continues. There is a corresponding trough in the torsional ductility at short heat treatment times, which then recovers.
Results and Discussion
The DSC results show that transitions occur within the material in three temperature ranges (Fig. 4) . These transitions are centered at approximate 115, 400 and 620 °C. The first two transitions are within the temperature range of the present heat treatment. The first change is thought to be related to strain aging. During drawing process, ferrite phase experiences plastic deformation while cementite acts as barriers to slip in ferrite. The interlamellar spacing of pearlite approximately equals the maximum slip distance. Hence, a large number of dislocations have accumulated at the ferrite-cementite interface in the as drawn wires. At low temperatures, carbon atoms in ferrite and cementite transfer to dislocations to lower the free energy of the system. The carbon atmosphere around dislocations impedes dislocation movement during the following mechanical testing, leading to an increase in strength and decrease in ductility. The second change is thought to be thermal responses of further recovery and recrystallization process. Recrystallization temperature of carbon steels decreases as the increase of carbon content and the extent of plastic deformation. For the Advanced Materials Research Vols. 33-37 43 present material, it has a carbon content of 0.85~0.90wt% C and drawing strain of about 1.5. It is reasonable to estimate that the cold worked pearlitic structure will recrystallize in the temperature range of 350~400 °C. The results of torsional and tensile tests provide evidences for strain aging and recrystallization process. At heating time of 12 seconds, carbon atoms diffuse to and pin dislocations. During the stage, tensile strength increase from 1870 to about 1940 MPa. As heat treatment progresses to longer times, the strength drops significantly and the ductility recovers. This can be understood by a further recovery and recrystallization process in the material.
For temperature field simulation, the thermal effect of strain aging (referred to as reaction 1) and recrystallization process (referred to as reaction 2) at about 400 °C is incorporated. The thermal-physical properties used for calculation are listed in Table 1 . Fig. 5 shows the simulation results of temperature field evolution during heat treatment. For the case with heat treatment of 12 seconds, it is seen that the material in the r range of 1.5~2.5 mm is in the temperature range of 100~350 °C. This part of specimen is in strain aging status. In the meantime, the temperature in outer part of the specimen is higher and close to 435 °C near the surface which will lead to the further recovery and recrystallization process in the material. The torsion fracture behavior could be divided into two groups in accordance to their fracture morphologies. For wires with a significant number of applied torsional twists, smooth and flat fracture surfaces develop on transverse wire surfaces (Fig. 6a ). For those with degraded torsion behavior, the wire split into layers in longitudinal direction during torsion. With increased twisting, the longitudinal cracks assume a helical or spiral orientation, as shown in Fig. 6b . The longitudinal splitting is named delamination in literature which is a typical indications of a decrease in ductility. The shear strain distribution along axis also differs between the two groups. Fig.7 shows two examples of measured shear strain of wires with number of twists 20 and 7, respectively. For the sample with 20 twists, shear strain is approximately uniform along axis except for the region near the fracture surface. On the other hand, for the sample with 7 twists, shear strain away from the fracture region is very low while the value is much larger near the fracture surface. The ratio of the maximum strain at fracture to applied strain is calculated for all tested specimens. For wires with the number of twists above and below 11 (which is the required value of the qualified product), the value is 1.6 and 5.2, respectively. The large difference of the two values indicates that localized deformation occurred on wires with degraded torsion performance. Fig. 8 shows the SEM photographs of different fracture surfaces. It is seen that the flat fracture surface is composed of elliptical dimples and gliding trace. This is typical of ductile fracture related to shear stress [6] . The delamination surface is characterized by quasi-cleavage indicating increased brittleness of wires. As demonstrated through simulation, temperature field is not uniform along the radius at heat treatment of 12 seconds. This indicates that microstructure evolution controlled by temperature will differ. Interior part of specimen is in strain aging status while recrystallization occurs near the surface of wire. When subjected to torsional loading, the specimen tends to shear deformation localization which induces shear crack. As twist continues, the crack develops, deformation localizes and the specimen fractures. For specimens with heat treatments of 60 seconds or longer, the upgraded torsion behavior with large number of twists is attributed to the recrystallization structure along wire radius.
Conclusions
Based on the above investigation, it can be concluded that: 1. Short time heat treatment at 435 °C for cold drawn pearlitic wires leads to a peak in ultimate tensile strength and a corresponding drop in torsional ductility. 2. The material experiences both strain aging and recrystallization in the temperature range of the present heat treatment. Strain aging happens in temperature range around 150 °C. Further recovery and recrystallization process activate at higher temperatures. 3. Torsional ductility degradation is attributed to strain aging effect and nonuniform evolution of microstructures along wire radius with respect to the temperature field during heat treatment.
